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Structural Basis for Allosteric
Substrate Specificity Regulation in
Anaerobic Ribonucleotide Reductases
oxyribonucleotides. At least one of the three known
classes of RNR is present in every living organism, and
the particular class depends on the biological milieu in
which the organism lives (aerobic, microaerophilic, or
anaerobic) [1]. The RNRs are unusual enzymes in two
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and Functional Genomics respects: first, they all employ free radical chemistry
Stockholm University through protein-based radicals, but the nature and
Stockholm S-106 91 mechanism of generation of these radicals varies greatly
Sweden among the three classes [2]; second, it currently appears
that, given one set of physiological conditions, only one
molecular species of RNR is responsible for the reduc-
tion of all four ribonucleotides. This necessitates a pre-
Summary cise system of control of substrate specificity in re-
sponse to the concentrations of deoxyribonucleoside
Background: The specificity of ribonucleotide reduc- triphosphates (dNTPs) in the cell because balanced
tases (RNRs) toward their four substrates is governed dNTP pools are a prerequisite for efficient and accurate
by the binding of deoxyribonucleoside triphosphates DNA synthesis and repair. Imbalances in dNTP pools
(dNTPs) to the allosteric specificity site. Similar patterns have been implicated in diseases through increased
in the kinetics of allosteric regulation have been a strong rates of mutation [3].
argument for a common evolutionary origin of the three RNRs are governed by a sensitive allosteric mecha-
otherwise widely divergent RNR classes. Recent struc- nism whereby the dNTP products regulate the rate of
tural information settled the case for divergent evolution; reduction of the nucleoside di- or triphosphates. Two
however, the structural basis for transmission of the separate allosteric functions have been localized to two
allosteric signal is currently poorly understood. A com- structurally distinct sites, commonly called the specific-
parative study of the conformational effects of the bind- ity and activity sites, first by biochemical assays [4, 5]
ing of different effectors has not yet been possible; in and then by X-ray crystallography for class Ia, aerobic
addition, only one RNR class has been studied. enzymes [6]. Overall activity is upregulated by ATP and
downregulated by dATP through the binding of these
Results: Our presentation of the structures of a class effectors to the activity site [7], except in class Ib [8]
III anaerobic RNR in complex with four dNTPs allows a and all but one currently known class II RNRs [9], which
full comparison of the protein conformations. Discrimi- lack overall activity regulation. In most cases the excep-
nation among the effectors is achieved by two side tions are correlated to the lack of a 50 residue N-terminal
chains, Gln-114 and Glu-181, from separate monomers. sequence containing amino acids critical for ATP/dATP
Large conformational changes in the active site (loop binding [6]. The regulation of substrate specificity in
2), in particular Phe-194, are induced by effector binding. almost all RNRs involves a separate site and obeys the
The conformational differences observed in the protein following pattern: binding of ATP or dATP to the specific-
when the purine effectors are compared with the pyrimi- ity site stimulates the reduction of pyrimidine ribonucle-
dine effectors are large, while the differences observed otides, dTTP stimulates the reduction of guanine ribonu-
within the purine group itself are more subtle. cleotides, and dGTP stimulates the reduction of adenine
ribonucleotides (Figure 1). The allosteric specificity ef-
Conclusions: The subtle differences in base size and fects observed in all three classes of RNRs are broadly
hydrogen bonding pattern at the effector site are com- similar (Figure 1a) except for some herpes virus enzymes
municated to major conformational changes in the ac- that lack almost all of the essential residues in both
tive site. We propose that the altered overlap of Phe- specificity and activity sites and are consequently not
194 with the substrate base governs hydrogen bonding regulated at all [10]. The similarities in kinetics of regula-
patterns with main and side chain hydrogen bonding tion stand in contrast to the large differences in se-
groups in the active site. The relevance for evolution is quence and cofactor requirements among the three
discussed. classes.
Class III RNRs are expressed exclusively under anaer-
Introduction obic conditions and are found only in some facultative
or obligate anaerobes. They are 2 dimers and interactRibonucleotide reductases (RNRs) are the sole enzymes with a smaller activating protein, 2, where AdoMet isresponsible for the reduction of ribonucleotides to de- homolytically cleaved by an Fe-S cluster [11]. The allo-
steric regulation of three class III RNRs has been investi-
3 Correspondence: derek.logan@mbfys.lu.se. gated. These RNRs are the enzymes from Escherichia4 Present address: Department of Biological Chemistry and Molecu-
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electron density precluded a detailed description of the
position of the guanine base. Nevertheless, it was puz-
zling that no neighboring protein side chains with hydro-
gen bonding capacity were observed to interact with
the base.
Although the similar allosteric effects in all three
classes of RNRs have been used in arguments for a
common evolutionary origin [5], the structural basis for
substrate specificity regulation is still not properly un-
derstood for any RNR class since we still have informa-
tion for only the E. coli class I enzyme, with one combina-
tion of effector and substrate, dTTP and GDP. Although
this provided a description of the binding of both alloste-
ric effectors and a plausible pathway for transmission
of allosteric information, the question of exactly how
effector identity regulates substrate specificity requires
information from more than one complex. Also, informa-
tion on allosteric regulation in other RNR classes is re-
Figure 1. Allosteric Regulation in Ribonucleotide Reductases quired for probing the generality of its structural basis.
(a) A schematic representation of the classic pattern of regulation Recently, the crystal structure of the NrdD protein of
as exemplified by the class Ia enzymes. The overall activity site is the class III anaerobic RNR from bacteriophage T4 was
drawn in blue, the specificity site in purple. For simplicity the mole- solved in the form of the G580A mutant [15]. Despite
cule is represented as a single unit, not a dimer. The specificity having no significant overall sequence homology toeffectors are listed in black below each class of RNR next to the
class I enzymes and a fundamentally different radicalnucleotides whose reduction they induce, which are in red. The red
storage site, it was shown to be built around the samearrows next to the activity site represent overall up- and downregula-
tion by ATP and dATP, respectively. 10-stranded - barrel. However, the dimer interface is
(b) Allosteric regulation of the class III RNR from bacteriophage T4. quite distinct to that in class I, which has a profound
The overall activity site is absent, and the enzyme does not reduce effect not only on the relative orientation of the mono-
UTP. mers, but also on the mode of specificity effector bind-
ing. Here we present a detailed description of binding
for four different deoxyribonucleotides, a comparison
coli [12], Lactococcus lactis [13], and bacteriophage T4 of which reveals surprisingly large conformational
[14], the latter being the system investigated here. All changes in the protein between complexes with purine
three class III RNRs display minor differences from the and pyrimidine effectors and provides for the first time
classical pattern of regulation: in the L. lactis and E. coli a description of an information transmission pathway
enzymes ATP does not bind to the specificity site, and from specificity site to active site in a ribonucleotide
in the bacteriophage T4 enzyme there is no activity regu- reductase.
lation ([14]; Figure 1b). The T4 enzyme is also unable to
reduce UTP but is assumed to acquire its precursors
for the dTTP pool via the deamination of deoxycytidine Results and Discussion
nucleotides [14].
Class I RNRs are 22 complexes of an active site Details of Specificity Effector Binding
|Fo|  |Fc| maps with model phases showed clear peakssubunit, R1 (2), which binds the nucleotides, and a
radical-generating subunit, R2 (2). Recently, the crystal at more than 10  for the phosphate moiety of the dNTPs
and continuous density for the ligands (Figure 3). Onlystructures of two R1-nucleotide complexes provided
detailed information on the two allosteric sites in the one dATP binding site per polypeptide is observed in
the crystal structure, as expected due to the absenceclass I system [6]. The activity site was localized in a
complex with the ATP analog AMPPNP and lies in a of the N-terminal domain corresponding to the overall
activity site in the class I structure. This finding is alsodistinct domain formed by the N-terminal 50 residues
of R1. This site is remote from the active site and has in agreement with biochemical results [14]. All dNTPs
(dATP, dTTP, dGTP, and dCTP) apparently bind at fullbeen suggested to modulate overall activity by influenc-
ing the interaction of R1 with the radical-generating sub- occupancy, as shown by a comparison of their B factors
with those of surrounding protein main chain atoms.unit R2. The specificity site was identified through a
complex with dTTP and is associated with a 4 helix The measured Kd values for dATP, dTTP, and dGTP
binding to the mutant (in complex with the activatingbundle consisting of two helices from each monomer;
this bundle forms the major part of the dimer interface protein NrdG) are 19 M, 13 M, and 0.7 M, respec-
tively, very similar to the results for wild-type NrdD (14(Figure 2a). Allosteric information was proposed to be
transmitted from the effector to one of the active sites M, 7.5 M, and 1.3 M, respectively [14]). This makes
artifactual binding due to the mutation unlikely. Thevia two loops, called loop 1 and loop 2, in the N-terminal
half of the 10-stranded - barrel. These loops are only binding constants for dCTP were below the limit of de-
tection of the assay, but dCTP can compete out dATP;ordered in the crystal structures in the presence of a
specificity effector [6]. GDP was found in the active site this finding indicates that it binds to the same site. The
full dCTP occupancy observed here can be explainedof another structure with bound dTTP; however, poor
Specificity Regulation in Anaerobic RNRs
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Figure 2. The Distinct Specificity Sites in
Class III and Class I RNRs
(a) The allosteric specificity site in class I RNR
protein R1 from E. coli [6]. The dimer axis is
perpendicular to the plane of the paper. The
two monomers are drawn in beige and light
blue, respectively. Both symmetry-related
copies of the specificity regulator dTTP and
the substrate GDP are shown. The helices
making up the antiparallel 4 helix bundle are
labeled. Loops 1 and 2, which are proposed
to communicate allosteric information across
the dimer interface, are shown as fatter coils
in a darker shade.
(b) A closeup view of the dimer interface in
NrdD shows the specificity site. Monomer 1
is colored beige; monomer 2 is light blue. The
dimer axis runs vertically, i.e., this view is at
approximately 90 to that in (a). The second-
ary-structure elements comprising the site
are labeled and highlighted by darker color-
ing. For reference, the side chains of Tyr-180,
which stacks with the base of all the specific-
ity nucleotides, and of Phe-194, which we
have proposed stacks with the substrate
base [15], are also drawn.
Figures 2–4 were all made with Molscript [29],
Bobscript [30, 31], and Raster3D [32].
by the very high concentration of dCTP used (10 mM). Nonspecific Aspects of Effector Binding
and Comparison to Class I RNRsIn a crystal soaked at 2 mM, weak density for the base
only could be seen (not shown). The deoxyribose and phosphate moieties of all four
dNTP molecules have almost identical conformations,The four dNTP complex structures are well refined,
with good overall geometry (Table 1). As previously with what appears to be a metal ion chelated by oxygen
atoms of the phosphate groups at distances of approxi-noted [15], B is lengthened from 12 residues in R1 to
26 in NrdD, and helix 4 is inserted between strands A mately 2 A˚ (Figure 3). We have modeled the metal ion
as Mg2, which would imply that traces of Mg2 haveand B in the first -- motif. This results in a rotation
of approximately 90 in the dimer axis relative to R1 [16] been carried along from the crystallization solution de-
spite backsoaking to avoid precipitation of the nucleo-and a fundamentally different dimer packing in which
all the helices are parallel, rather than forming an antipar- tides. This fits the electron density well. The deoxyribose
ring is in the C2-endo conformation. Free dATP hasallel 4 helix bundle as in R1. This has two effects on the
effector site (compare Figure 2b with Figure 2a): first, 608 A˚2 of solvent-exposed surface, of which 265 A˚2 is
buried in contacts with monomer 1 and 308 A˚2 with4 sterically blocks the N terminus of A and prevents
the -phosphate from binding in NrdD as it does in monomer 2. Thus the effector is bound intimately at the
dimer interface. A similar analysis of dTTP binding toR1; second, the N-terminal extension of B (where the
prime denotes monomer 2) in NrdD fills the space that R1 shows that the binding is more asymmetric and the
nucleotide is also more exposed (as can be seen in Fig-would be occupied by the base moiety, which in R1 lies
over the C terminus of B [6]. Instead, the effector site ure 2); of dTTP’s 608 A˚2 of solvent-accessible surface,
373 A˚2 is buried in monomer 1 and 102 A˚2 in monomer 2.lies between A and B and is bound along the length
of the helices rather than across their ends (Figures 2 The distance between base moieties in the two sym-
metry-related sites is around 9 A˚, as opposed to 29 A˚and 3a). The base is sandwiched between Ile-111 of
monomer 1 (A) and Tyr-180 (B) of the other. The in R1. The distance from the effector site to the two
active sites is much more similar in NrdD than in R1 (24 A˚base and deoxyribose also make hydrophobic interac-
tions with Ile-99 and Val-107. and 26 A˚ versus 13 A˚ and 27 A˚ in R1 to the active sites
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Figure 3. Stereo Views of Binding of the Four
dNTP Allosteric Specificity Effectors to NrdD
(a) dATP, showing location relative to sec-
ondary-structure elements. Helix B from
monomer 2 is drawn as a sky-blue coil; heli-
ces A, 4, and hairpin 1 from monomer 1
are drawn as beige coils. Side chains from
the respective monomers are drawn with their
carbon atoms in the same colors; otherwise,
the atoms are colored according to a CPK
color scheme (nitrogen is blue, oxygen is red,
and phosphorus is pink). In the ligand the
carbon atoms are gray.
(b) dATP, (b) dGTP, (d) dTTP, and (e) dCTP:
Detailed views of side chain interactions with
the effector nucleotides: side chains making
hydrogen bonds or significant van der Waals
contact to the nucleotides are shown. Hydro-
gen bonds are shown as colored lines. Differ-
ence electron density maps are shown con-
toured at 3 . They were calculated after the
omission of the nucleotide and Mg2 ion from
the phasing and the application of a short
round of torsion angle molecular dynamics
for the minimization of phase bias. Electron
density for a complex with ATP is of poorer
quality, but ATP binding is nevertheless very
similar to that of dATP (not shown). In (e)
dCTP, the hydrogen bond between the side
chain of Gln-114 and the bound water mole-
cule is rather short (2.2 A˚); this implies that
the water molecule may only have partial oc-
cupancy.
of monomers 1 and 2, respectively). The -phosphate logical pH; alternatively, a bound water molecule may
create a hydrogen bond bridge between Gln-176 andis apparently held in place by double hydrogen bonds
to Gln-176. This would imply that one of the-phosphate the -phosphate. Such water molecules are seen in the
dATP and dGTP structures but may not be observed inoxygen atoms is protonated. This is unlikely at a physio-
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the others due to limited resolution. Asp-173 is also in
the vicinity of the -phosphate, but it is too far away
(	4 A˚) to make a hydrogen bond. Several water mole-
cules have been identified in the vicinity of the effector
in the structures that have sufficient resolution.
The negative charges of the phosphates are neutral-
ized by the side chains of nearby lysines, e.g., 103, 146
(from 4), 169, and 220. However, only 146 and 169
make direct contact with the phosphates, and the role
of the others might be as electrostatic guides that draw
the nucleotide into the pocket and ensure that the other
more specific interactions are correctly formed. Re-
moval of a single lysine residue in the protein-RNA com-
plex U1A/U1A snRNA hairpin II was shown to completely
abolish RNA binding even though the residue made no
direct contact with the RNA [17]. This suggests that the
lysines could have a similar role here.
Effector binding also involves -hairpin 1, which just
precedes A and which is also an insertion with respect
to the R1 dimer interface. The 3–OH of the dNTP mole-
cules makes a hydrogen bond to the main chain N of
Glu-100 and the -phosphate to the main chain N of
Lys-103. The hairpin wraps around the dimer interface,
and its tip makes contact with residues at the C terminus
of helix B in proximity to the symmetry-related active
site (Figures 2b and 4).
Crystals soaked in 10 mM ATP produced lower-reso-
lution data of poorer quality and an occupancy of 
0.5.
Nevertheless, ATP binding (not shown) is essentially
identical to that of dATP. The affinity of ATP for the
mutant has not been determined; however, it was deter-
mined indirectly as 1.2 mM for wild-type NrdD. We sug-
gest from the crystal structure that the 100-fold higher
affinity for dATP over ATP may depend on a steric clash
of the 2–OH of ATP with Tyr-180. Such a clash between
the 2-hydroxyl and a conserved tyrosine side chain
has been invoked to explain the strong discrimination
against ribonucleotide incorporation by DNA polymer-
ases [18]. The phosphorylation level of substrates and
effectors in class III RNRs is the same (NTP and dNTP,
respectively), whereas in class I and some class II en-
zymes it is different (NDP and dNTP). In order to avoid
complicating the patterns of allosteric regulation, it is
important that NTPs, with the exception of ATP, be ex-
cluded from the effector site. Crowding similar to that
seen with ATP would presumably occur with the other
NTPs, and this would explain why they bind only to the
active site.
The observed effector binding site disagrees with pre-
vious experiments by Olcott et al., who used photoin-
duced radiolabeling of NrdD [19]. [8-N3]-ATP was ob-
served to crosslink to Trp-154, which is part of a
hydrophobic core that anchors the tips of helices A
and4; the core is remote from the protein center (Figure
2b) and14 A˚ removed from the effector’s closest atom,
namely one of the -phosphate oxygens. We cannot
model crosslinking to Trp-154 through torsional rotation
of the nucleotide base bound as observed here, and
the protein is not flexible enough to allow Trp-154 to
approach the effector site. Nevertheless, the crystal
structure provides a rational explanation for the cross-
linking data; the conformation of dATP is such that the
oxygen atom linking the - and -phosphate groups isTa
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only 3.7 A˚ from C8. Because ATP binding is essentially
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Figure 4. The Large Conformational Differ-
ences between the dATP (Purine Effector)
and dTTP (Pyrimidine Effector) Complexes
(a) Stereo view of the local differences at the
effector site. The monomers of the dATP
complex are colored cyan and dark blue, re-
spectively, and the monomers of the dTTP
complex are drawn in pink and red, respec-
tively. The carbon atoms of the dATP and
dTTP allosteric effectors, as well as water
molecules and the magnesium ion, are col-
ored cyan and pink, respectively. The other
atoms have a CPK color scheme. Amino acids
within 10 A˚ of the nucleotide are drawn. The
orientation is the same as in Figure 3. Phos-
phate binding is almost identical in the two
complexes, and the conformational changes
observed between dATP and dTTP com-
plexes radiate out from the right-hand sides
of the effector bases.
(b) Stereo view of the global conformational
differences affecting substrate specificity;
these differences involve shifts in A, B,
hairpin 1, and the loop between B and C.
The color scheme is the same as in Figure
3a. The view is approximately a 90 clockwise
rotation with respect to Figure 3a. There is
substantial repacking of the tip of hairpin 1
against the C terminus of B and the subse-
quent loop, which are entirely refolded.
identical to that of dATP, the approximately 3.8 A˚-long the exocyclic N6. In the other complexes, it is hydrogen
bonded to Gln-114. A water molecule bound to Gln-114linear azido moiety of [8-N3]-ATP would cause a van der
Waals clash with this oxygen atom and exclude binding also makes hydrogen bonds to dCTP, and bound water
molecules may also have a role in dTTP recognition, butof this analog at the specificity site. [8-N3]-ATP may even
adopt the syn conformation in solution due to the bulk the resolution of this structure is insufficient to allow
their identification. Glu-181 is very close to its symmetryof the substituent, which would also preclude binding
to the effector site. In either case, there is a cluster of mate across the dimer axis, and they even make a long
hydrogen bond (3.1 A˚) in the dTTP complex. This factexposed basic residues on helices A, 4, and B [15]
that includes the lysines mentioned previously and Lys- suggests that Glu-181 may be protonated in this con-
text or, alternatively, that neighboring water molecules153 and Lys-166 of both monomers (Figure 2b); this
cluster may provide sufficient transient phosphate inter- may be K or Mg2 ions. This proximity, together with
that of the nucleotide bases, suggests cooperativity inactions to allow the highly reactive analog to approach
Trp-154 and crosslink. binding to the specificity sites; such a phenomenon has
not yet been observed experimentally for class III RNRs.
Strong cooperativity between dATP binding sites hasReadout of Base Identity Involves Two
Side Chains been observed for the L. lactis enzyme [13], but this can
best be interpreted as cooperativity between the twoThe structures presented here allow us for the first time
to compare recognition events for different specificity chemically distinct sites.
effectors in an RNR. Readout of base identity depends
on two protein side chains, Gln-114 and Glu-181, from Structural Basis for Purine/Pyrimidine Discrimination
Surprisingly large differences are observed when onedifferent monomers (Figures 3b–3e). Gln-114 closely
matches its hydrogen bonding pattern to that of the compares complexes with purine and pyrimidine nucle-
otides. First, we will consider the dATP and dTTP com-base. With dATP, it makes a single hydrogen bond to
the endocyclic N1; with dTTP it makes two hydrogen plexes (purine and pyrimidine bases that increase the
affinity for a pyrimidine and a purine substrate, respec-bonds to N1 and O6; and with dCTP it hydrogen bonds
to N1 and the exocyclic N4. In the dGTP complex Gln- tively). The conformational changes are depicted in Fig-
ure 4. In the following discussion we take the dATP114 does not bond to the base; instead, it is involved
in a network of hydrogen bonding interactions to Glu- complex as reference because it is closest to the nucleo-
tide-free structure (see below), and we discuss the con-181 and Thr-184. Glu-181 in the dGTP complex makes
two hydrogen bonds to the base, to N2 and N1. Glu- formational changes relative to this.
First, dTTP sits farther out of the pocket than dATP181 is also involved in direct interaction with the dATP
base, where it makes a long hydrogen bond (3.3 A˚) to and draws the side chain of Gln-114 with it (Figure 4a).
Specificity Regulation in Anaerobic RNRs
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Figure 5. The Smaller Conformational
Changes Associated with dATP/dGTP Dis-
crimination
Monomers 1 and 2 of the dATP complex are
drawn in pink and red, respectively, and
monomers 1 and 2 of the dGTP complex are
drawn in cyan and dark blue, respectively.
Helices A and B are drawn as thick coils.
The side chains undergoing significant con-
formational changes and comprising the allo-
steric information transmission path are
drawn and given black labels. To illustrate the
proximity of the symmetry-related pathway,
we have drawn the 2-fold related helices (A,
B) and side chains with the same color
scheme, but we have used thinner lines and
gray labels. Note in particular the proximity
of Glu-181 and Leu-185 to their symmetry
mates.
This initiates a small shift in helix A; this shift influences More Subtle Structural Changes Characterize
dATP/dGTP Discriminationthe packing of helixA’s side chains with those of hairpin
The conformational differences evident in a comparison1 and B. The root-mean-square (rms) shift in main
of the dATP/dGTP (purine) and dCTP/dTTP (pyrimidine)chain atoms for residues 107–121 of A is 0.9 A˚, but the
pairs are less striking. The rms difference in C positionsshifts are significantly larger (up to 1.2 A˚) at the C termi-
between the purine complexes is only 0.4 A˚, i.e., indistin-nus (which is closest to hairpin 1 and B) than at the
guishable within experimental error at this resolution.N terminus (
0.6 A˚).
Nevertheless, Gln-114 and Glu-181 adopt quite differ-Second, the side chain of Tyr-180 adjusts to max-
ent conformations in the two complexes (Figure 5). Gln-imize  overlap with the dTTP base, which has slightly
114 does not assume a conformation where it hydrogen-shifted its position. This, along with the altered confor-
bonds to the base. This is primarily due to the bulk ofmation of Glu-181, facilitates a helix B shift beginning
the N2 substituent in dGTP, but the new conformationat Tyr-180. Another result is a substantial refolding of
of Glu-181 also contributes a hydrogen bond. The newthe C-terminal end of B and the following loop (loop
conformation of Gln-114 obliges Leu-185 (with which2, Figure 4b). The electron density for loop 2 in the dTTP
it is in van der Waals contact) to adopt another rotamer,complex is somewhat poor, indicating high flexibility.
and the allosteric signal appears to propagate from Leu-The rms shift in main chain atoms for residues 175–194
185 through Pro-193 to Phe-194, which once againof B and the following loop is 2.9 A˚. The last residue
undergoes a shift in rotamer. However, the manner into undergo a significant conformational change is Phe-
which the signal is propagated from Leu-185, and how194, which we have previously predicted will stack on
such a major change in Phe-194 is induced, is unclearthe substrate base [15]. From Val-195 onward into the
due to the limited resolution. Since, as noted above, thebarrel core, the structure is unchanged.
side chains of loop 2 are in contact with each other
Third, the altered position of the dTTP base in the
across the dimer axis, the changes in monomer 1 can be
pocket affects the hydrogen bond between the 3–OH
assumed to propagate to the effector site of monomer 2
and the main chain N of Glu-100 and contributes to a and vice versa.
movement of hairpin 1 toward B. This movement is
synergistic with the refolding of the end of the latter and dTTP/dCTP Discrimination
the shift in A. There is a hinge motion of the residues The rms difference in C positions between the ordered
between 90 and 99 and a refolding of the tip of the loop portions of the pyrimidine complexes is only 0.5 A˚. How-
so that the side chains of the loop assume a new packing ever, loop 2 is even more disordered in the dCTP com-
relative to B. The rms movement in C positions for plex than in the dTTP complex. Indeed, we were unable
residues 91–99 is 2.2 A˚ and the largest movement is at to build an unambiguous model for residues 189–193.
the hairpin tip, where Asn-96 shifts by 4.1 A˚ (Figure 4b). This suggests that the disorder in loop 2 is a functional
The ensemble of conformational changes is surpris- characteristic of the pyrimidine complexes. For this rea-
ingly large, and it is difficult to judge which is the major son we cannot speculate at present on the mechanism
contributor; they are best regarded as a synergistic set. of dTTP/dCTP discrimination.
In addition, the side chains at the beginning of loop 2
are in van der Waals contact with each other across the Comparison of dATP and Nucleotide-Free Structures
dimer interface (the C atoms of Ser-188 are only 4.9 A˚ Very little conformational difference in the region of the
apart in the dATP complex) and adopt quite different specificity site is observed between the nucleotide-free
relative conformations in the two complexes. However, enzyme and the dATP complex except for the minor
the net functional result is that loop 2, and in particular ordering of hairpin 1 and some of the neutralizing lysines
Phe-194, undergoes a conformational change in the upon dATP binding. In particular, the conformation of
Phe-194 is not altered. This is not unexpected; T4 NrdDactive site region.
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Figure 6. The Unexpected Binding of dCTP
Observed Near the Active Site
(a) Overall location, with electron density. The
view is across the opening of the - barrel.
The “finger loop” containing Cys-290 is
shown as a yellow coil. Side chains relevant
for the reduction mechanism (Cys-290, Cys-
79, and Asn-311) and allosteric regulation
(Phe-194, Gly-125, Gly-126, and Asp-67) are
indicated. Helix 9 is shown in yellow. The
model for substrate binding based on struc-
tural alignment to the complex of R1 with GDP
[15] is shown in yellow, with thinner rods, for
comparison. The map is a simulated anneal-
ing difference map as described for Figures
3b–3e; dCTP was omitted from the calcula-
tions.
(b) Stereo view of the details of the interac-
tions between dCTP, the N terminus of 9,
His-64 and His-66, main chain of 65–67, and
a water molecule. Hydrogen bonds involving
dCTP are shown as dotted lines; hydrogen
bonds of the main chain of 9 are shown as
green dotted lines.
carries out the reduction of CTP (and only CTP) in the (Figure 6a). Similar models have been built for dGTP
and dTTP in the respective complexes (not shown).absence of any effectors, and the addition of dATP only
results in a doubling of the amount of dCTP produced The phosphate moieties are bound at the distorted
end of helix 9, with extensive hydrogen bonds to bothper mol NrdD per second [14]; this result is consistent
with the minor conformational changes observed here. the exposed main chain N atoms of residues 444–447
and to the side chains of His-64 and His-66 (Figure 6b);
we earlier predicted that these side chains would haveSubstrate Binding: Blocking of the Active Site
by dNTPs at High Concentration a function in the binding of the substrate phosphates
[15]. However, the rest of the nucleotide is directed outWe made extensive efforts to obtain substrate binding
to confirm the model we proposed earlier [15]. However, of the active site, and neither the base nor the deoxyri-
bose ring make specific interactions with any proteinwe could not obtain electron density showing the orien-
tation of the substrate expected from studies on R1 [6]. side chain. In particular, the sugar moiety is far from
Cys-290, which is proposed by analogy to other RNRsThe only density observed in the active site region lies
near the end of helix 9 (residues 448–458), which corre- to directly abstract a hydrogen from the 3–OH during
the initiation of the reduction mechanism. The distancesponds to helix 24 in R1, the binding site for the sub-
strate -phosphate in the class I enzyme. This density from 3–OH to the Cys-290 sulfur atom is 12 A˚. The
- and -phosphates of dCTP correspond very closelyis present to varying extents in all of the nucleotide
complexes. The best density was observed in the struc- to the - and -phosphates of GDP modeled as it is
expected to bind so that the site is effectively blockedture with 10 mM dCTP, and we were able to fit a model
for dCTP in an unexpected orientation to this density for substrate binding. Thus, the observed dCTP confor-
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mation most likely represents an inhibitory binding of AMPPNP binding to the R1 activity site [6]. Also, Gly-125
and Gly-126 are almost completely conserved across alldNTPs to the active site region, presumably due to the
high concentrations (4–10 mM) used in this study. The three classes of RNR (Figure 7; [20]), which may imply
that they have a functional significance beyond simplebiological significance of this binding is not immediately
obvious, but it demonstrates the high affinity of the N flexibility and making room for the base. Loop 2 confor-
mational changes that confer altered substrate affinityterminus of this helix for phosphate groups. Crystallo-
graphic studies of substrate binding to R1 were thought by changing hydrogen bonding patterns to fixed groups
may then represent a class-general solution to specific-to be complicated by the competition of sulfate ions in
the crystallization medium for this site [6]. ity regulation.
A data set collected from crystals cocrystallized with
dATP and CTP from Tris buffer (rather than obtained by Sequence Conservation of Residues Involved
soaking as in the structures described above) showed in Allosteric Regulation
identical effector binding and similar electron density in Figure 7 shows an alignment of 20 currently known NrdD
the active site. This suggests that the lack of substrate sequences. It can be seen that the conservation of the
binding is not due to the inaccessibility of a required residues involved in allosteric regulation is in general
conformational change in the preformed crystals. We very good. Thus, the structure of the effector site in
cannot completely exclude that the substrate is prohib- phage T4 NrdD is representative of all class III RNRs.
ited from binding by the G580A mutation; however, The residues making nonspecific interactions with the
weakly diffracting crystals of native NrdD were soaked base (Ile-99, Val-107, Ile-111) are conserved or conser-
with nucleotide combinations similar to those used in vatively substituted across all sequences. The fact that
this work, and substrate binding was not observed (not Phe-194 is conserved across all 20 sequences strength-
shown). G580A crystals soaked with substrate alone at ens our hypothesis that it is critical for modulating sub-
up to 10 mM do not exhibit substrate binding either. strate interactions. Glu-181 is conserved either as Glu
Thus, the problem of obtaining well-ordered “functional” or Gln. However, it is remarkable that Gln-114 appears
substrate binding to both class III and class I RNR crys- not to be completely conserved. In 12 of the 20 se-
tals could be due to a range of factors, such as the lack quences it is Gln; in a further 5 it is Asn; in one it is Glu;
of radical cofactors or other unknown cofactors. This and in two sequences (Clostridium acetobutylicum and
problem remains a major hindrance to elucidating the Methanococcus jannaschii) it is substituted with Ile and
structural determinants for substrate recognition. Lys, respectively. Thus, it seems that the details of base
recognition in these systems may be subtly different.
Leu-185 and Pro-193 are highly conserved, whichMechanism of Specificity Regulation
strengthens our argument that they are particularly im-The complexes presented here show for the first time
portant for purine/purine discrimination. Asp-173 is con-a pathway for the transmission of allosteric information
served as either Asp or Gln in all sequences. In ourin a ribonucleotide reductase. Intuitively one expects
structures we only observe it making interactions to athe elegant substrate specificity regulation to function
water molecule (or metal ion) bound between the - andby a modulation of the hydrogen bonding pattern of the
-phosphates in the dCTP complex. The high conserva-protein to the substrate base; this modulation would be
tion suggests, however, that Asp-173 has an importantinduced by the readout of the hydrogen bonding groups
role, and this may be in binding water molecules or metalon the effector base [8]. However, in the structure of
ions that we have not observed in our structures due tothe R1/dTTP/GDP complex [6], no obvious hydrogen
limited resolution.bonding side chains made bonds to the substrate, al-
The sequences fall into two principal groups of 13though the electron density for the base was too poor
and 7 members. The latter group has a large deletionto be conclusive. Instead, several conserved glycine
from the end of 4 to the first half of B. However, theresidues at the N termini of strands B and C were
only effect that this would have on interactions with theimplicated for their flexibility and small size. In the model
effector is the loss of Lys-169, for which another, as yetfor GTP binding inferred for class III RNRs [15], a similar
unknown, interaction could easily compensate.situation was apparent. In this work we observe that
conformational changes propagate from the effector
site through loop 2 to an aromatic side chain in the Evolutionary Considerations
Similarities in the kinetics of allosteric regulation wereactive site. No further hydrogen bonding side chains are
apparently brought within reach of the modeled base a key argument for a common evolutionary origin for
the three classes of RNRs before the advent of structuralposition by these conformational changes. Since altered
stacking of the base to Phe-194 alone is unlikely to information on the catalytic subunits unambiguously
demonstrated this [5]. It was proposed that the commonbe sufficient for discrimination between substrates, we
suggest that alteration in the base conformation around patterns of kinetics required a common structural motif
in the specificity site. The structures presented herethe glycosidic bond and shifts in the position of the base
may affect hydrogen bonding with fixed donors and show that this is not necessarily the case. The binding
of the effectors is very different in that it involves twoacceptors in the active site. Strong candidates for such
interactions are the main chain atoms of Gly-125 and secondary structure elements (A, B) that are greatly
lengthened with respect to R1 and one element (hairpinGly-126 (B) and the side chain of the very highly con-
served Asp-67 (Figure 6a). Hydrogen bonding between 1) that is inserted. Despite this, the allosteric information
is transmitted in the end to the same active site loopthe base and the main chain atoms is a component of
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Figure 7. Sequence Alignment of 20 NrdD
Sequences in the Region Defining the Speci-
ficity Site (90–195 in the T4 Numbering)
The sequences are gathered from Swiss-
Prot, gene sequences, and unfinished ge-
nomes. Alignment was perfomed using
CLUSTALW. Sequences are ordered ac-
cording to pairwise identity in the whole pro-
tein. The figure was produced using Alscript
[33]. Completely conserved residues are
shown in blue boxes, while residues with a
conservation score of more than 60% are
boxed in yellow. Residues interacting with the
effector are denoted by black triangles on
the first line; residues that may interact with the
substrate are denoted by white triangles. The
positively charged residue 103, which does
not interact through its side chain with the
effector, is denoted by . Open circles show
residues Leu-185 and Pro-193, which we
argue are important for purine/purine discrim-
ination. The key to sequence names is as
follows: E_col, Escherichia coli; S_typ,
Salmonella typhimurium; Y_pes, Yersinia
pestis; H_inf, Haemophilus influenzae; S_put,
Shewanella putrefaciens; V_cho, Vibrio chol-
erae; E_fae, Enterococcus faecalis; S_pyo,
Streptococcus pyogenes; S_mut, Strepto-
coccus mutans; S_auC, Staphyloccocus
aureus COL/NCTC; L_lac, Lactococcus
lactis; BP_T4, bacteriophage T4; C_ace,
Clostridium acetobutylicum; C_dip, Clostrid-
ium difficile; P_aer, Pseudomonas aerugi-
nosa; A_eut, Alcaligenes eutropha (Ralstonia
eutropha); P_aby, Pyroccocus abyssi; M_jan,
Methanococcus jannaschii; M_the, Methano-
bacterium thermoautotrophicum; P_hor, Pyr-
ococcus horikoshii.
and may alter the hydrogen bonding of the base in a suggests that perhaps the L. leichmannii RNR and other
monomeric reductases may contain yet another type ofsimilar way. Despite the radically altered nature of the
dimer interface and effector binding, they are both suffi- specificity site that allows intramonomeric regulation. It
is, however, not unlikely that the mechanism of specific-ciently similar to those of class I for the latter to have
evolved in a continuous manner (by shortening the heli- ity regulation has some features in common with class
III, where the information transfer pathway is also largelyces and modifying the loops). However, we cannot
exclude that specificity regulation evolved several intramonomeric. One can envisage that a continuous
evolutionary process may have led from this type oftimes [21].
Some aspects of allosteric regulation in class II RNRs mechanism to the class I mechanism, which is, as curr-
rently proposed, more intermonomeric and where theremain enigmatic. Most characterized class II enzymes
are dimers, and because of sequence similarities to effector site and active site have also moved closer to
one another.class I, they are expected to have homologous specific-
ity sites. However, some are monomers; this is difficult
to reconcile with the structural information from class I Biological Implications
or class III reductases, which shows specificity regula-
tion in both cases to be acutely dependent on dimer Ribonucleotide reductases are unique enzymes by vir-
tue of their sensitive system of allosteric control, whichformation. Only a few class II RNRs have been character-
ized with regard to both oligomeric structure and regula- governs their specificity toward the four ribonucleoside
di- or triphosphate substrates through the binding oftion. Namely, these are the enzymes from Lactobacillus
leichmannii (a monomer [22, 23]), Thermoplasma acido- dNTP products to the allosteric specificity site. The three
classes of RNRs are highly divergent in sequence and inphilum (a dimer [9]), and Thermotoga maritima (a higher
oligomer [9]). The sequences of the latter two contain the the mechanisms by which they generate their essential
protein radicals [2]. Nevertheless, the overall patternsconserved residues characteristic of a class I specificity
site. These cannot be found in the L. leichmannii se- of allosteric regulation are very similar [1]. This has been
advocated as one of the strongest arguments for a com-quence, which furthermore contains long insertions in
the region normally comprising the dimer interface. This mon evolutionary origin for the three classes [5]. Thus,
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the maximum likelihood target function on |Fo|. Structure refinementsit is of great importance to describe the structural basis
involved rigid body refinement, restrained atomic position refine-for allosteric regulation in order to understand both the
ment, and  factor refinements, except for the dTTP structure, wheremolecular details of the specificity and the evolutionary
torsion angle dynamics at 5000 K [27] were also carried out.
relationships among modern-day RNRs. The coordinates of dATP from the HIC-UP ligand database [28]
Comparing class I and class III RNR structures [6, 15] were used as a starting point for nucleotide modeling. dTTP and
dGTP were built by combining the conformations of deoxyribosedemonstrated that the three classes have a common
and phosphate observed in the dATP complex [15] with coordinatesancestor. In this paper we present a detailed analysis
for the bases from the HIC-UP database. Coordinates for dCTPof the allosteric specificity site and its interactions with
were created by the removal of the 2–OH group from the CTPall four dNTPs. For the first time we can compare the
parameters in HIC-UP. The topology and parameter files for re-
conformations of the same enzyme with all effectors. strained X-ray refinement were also obtained from HIC-UP and em-
The remarkably subtle discrimination among effectors is ployed in a similar way.
achieved largely through two protein side chains. Where
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